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I. INTRODUCTION 



Originally it was thought that the product of a heavy ion collision, the so called quark 
gluon plasma, would be a weakly interacting system, behaving approximately like an ideal 
gas. However, the experimental results from RHIC indicated that the hadronic matter 
formed after the collisions is strongly interacting, more similar to a perfect liquid [lj. One 
expects an improvement in the understanding of the quark gluon plasma properties when 
heavy ion collisions are further investigated in the LHC. 

Strong interactions are described by QCD. However, in a strong coupling regime, as the 
one found in the quark gluon plasma, its is necessary to use non-perturbative tools. A very 
interesting approach relies on the AdS/CFT correspondence which relates string theory to 
superconformal gauge theories at large 't Hooft coupling. A particular case of this corre- 
spondence is given by string theory in AdS 5 x S 5 which is dual to Af = 4 SU(N C ) super Yang 
Mills theory in four dimensions [2|-l4j. This exact correspondence inspired many interesting 
phenomenological models known as AdS/QCD that approximately describe important as- 
pects of hadronic physics. One of the simplest models, now called hard wall model, consists 
in breaking conformal invariance by introducing a hard cut off in the AdS space. The posi- 
tion of this cut off is related to an infrared mass scale in the dual gauge theory. The hard 
wall model was very successful in reproducing the scaling of hadronic scattering amplitudes 
at fixed angles 5, (| and estimating hadronic masses [7 12] . 

A more sophisticated proposal is the D3-D7 brane model that consists in the inclusion of 
Nf flavoured D7 probe branes in the AdS$ x S 5 space 13]. The AdS/CFT correspondence 
contains fields in the adjoint representation of the SU(N C ) gauge group, like gluons, related 
to open strings attached to the D3 branes. Including D7 branes one also has fields in the 
fundamental representation, like quarks, related to open strings with an endpoint on a D3 
and the other on a D7 brane. On the other side, mesons are described by strings with both 
endpoints on D7 branes. Masses for mesons in this model were calculated in 1141 1 . For a 
review see [151 ] . 

The internal structure of hadrons can be probed by interaction processes. One is the 
deep inelastic scattering (DIS), that was investigated using gauge/string duality in 



261 ] . Elastic form factors also give information about the hadronic structure. Form factors in 



AdS / QCD models were studied for example in 27H33| . Other aspects of hadronic interaction 
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processes using AdS/QCD have been discussed in, for example [34M37] . 

The AdS/CFT correspondence can be extended to describe gauge theories at finite tem- 
perature introducing a black hole in the AdS geometry 3844QI- This version of the corre- 
spondence describes the strongly coupled M = 4 super Yang Mills plasma, since the particles 
are in a deconfined phase. The structure of this plasma was investigated in |4l| considering 
a DIS process of an TZ current. The gravity dual of this current is a gauge field propagating 
in the black hole AdS space. It was found that at high energies, the TZ current probes the 
partonic behaviour of the plasma (associated with gluons), giving non- vanishing structure 
functions. The fact that this result occurs at any non-zero temperature is consistent with 
the non-confining character of the AdS-black hole model. 

In this article we are going to study the structure of a strongly coupled plasma containing 
flavour degrees of freedom using the D3-D7 brane model at finite temperature. This consists 



in the inclusion of Nf coincident D7 probe branes in the black hole AdS space [42h45| . We 
consider the propagation of a space-like gauge field living in the D7 branes, corresponding 
to the DIS of a flavour current in a strongly coupled M = 2 super Yang-Mills plasma. There 
are two different thermal phases in the D3-D7 model: the low temperature Minkowski 
embedding when the D7 branes do not touch the horizon and the high temperature black 
hole embedding when the D7 branes have an induced horizon. We calculate in both phases 
the quark contribution to the plasma structure functions, considering the absorption of a 
flavour current by the quark constituents of the plasma. We find non-vanishing results 
in the high temperature phase for a high energy current. In the low temperature regime, 
corresponding to the Minkowski embedding, we find that the flavour current is not absorbed 
by the quark constituents of the plasma. 

Note that the D3-D7 model contains both the TZ and flavour currents. The TZ current is 
dual to a gauge field propagating in the bulk geometry generated by the D3 branes while 
the flavour current dual is a gauge field propagating on the world volume of the D7 branes. 
This way, studying a DIS process in this model we can unveil not only the partonic structure 
associated with gluons but also the partonic structure associated with quarks. 

This article is organized as follows. In section II, we briefly review the TZ current results. 
Then, we study, in section III, the equations of motion of a gauge field on the D7 branes. In 
section IV we analyse the effective potentials at low and high temperatures and calculate the 
quark contribution to the plasma structure functions in these regimes. We end, in section 
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V, with our conclusions. 



II. DEEP INELASTIC SCATTERING OF AN K CURRENT 



In this section we briefly review the calculation of the retarded current-current correlator 
of an 1Z current and the corresponding DIS structure functions. According to the AdS / CFT 
correspondence at finite temperature, an M = 4 super Yang Mills SU(N C ) plasma is dual to 
a black hole in AdS$ x S 5 space. This space can be described by the metric 



ds 2 



L 2 



u 



- (1 - u 2 )dt 2 + dx 



+ 



4m 2 (1 - u 2 ) 



du 2 + L 2 dVt\ , 



(1) 



where r = ttL 2 T , L is the AdS radius (L 4 = Ana' 2 gy M N c ), T is the temperature and 
dVt\ is the S 5 metric. The radial coordinate u is dimensionless, with the horizon located at 
u — 1 and the boundary at u — 0. 

The vector field A m = (A u , A^) dual to the 7£-current is described by the supergravity 
action 

S = - J d A xd Uv ^g mr g ns F mn F rs . (2) 



64vr 2 L 

Choosing the gauge A u = and the plane wave solution 

A„(x,u) = e- iq - x A^(u) , 

with g M = (w, 0, 0, q), the on shell action takes the form 

N 2 T 2 



(3) 



S = - 



16 



d x 



(A t + -A 3 ) d u A t - Aid u A, 



u=0 



(4) 



where % — 1, 2, w = , q = and we used the relation d u A t = (q/w)d u A 3 valid at the 
boundary u — 0. 

The retarded current-current commutator of the boundary gauge theory is defined by 



R,M = * / d^xe-^e^dJ^x), J u (0)}} 



(5) 



and can be decomposed as 



R^u = (■ 



<hJh 
Q 2 



)Rl + 



q {n^qu + n u q^) + fj^" (n ■ q) 2 ] R 2 , (6) 



Q 2 



(Q 2 ) 5 
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where n M is the four velocity of the plasma and Q 2 is the virtuality defined by Q 2 = q 2 



w . 



In the plasma rest frame n 1 * = (1,0,0,0). The DIS structure functions of the plasma are 
given by 



-Imi?! 



n ■ q 



\mRo 



(7) 



2tt x 2ttT 
These structure functions can be obtained from those of the DIS off a hadron identifying 
the hadronic momentum P M with the plasma momentum Tn^. 

Following a supergravity prescription similar to that of ref. 39[, the retarded current- 
current commutator is obtained by differentiating the boundary action density with respect 
to the boundary values of the vector fields 

d 2 S 



dAfdA^ ' 



[Af = lim A 



(8) 



after imposing an ingoing condition for the gauge fields at the horizon, meaning that there 
is no reflection. 

The equations of motion for the components of the gauge fields can be written as 
Schrodinger equations. For the longitudinal part it reads 

d 2 tp 



dv? 



- V(u)ip = 



(9) 



where ip(u) = Ju(l — u 2 ) d u A t and the effective potential is 



V(u) 



u(l — u 2 ) 2 



— (l + Qu 2 -3u 4 ) + Q 2 -q 2 u 2 
4u 



(10) 



with Q = q — w . For the transversal components we have 



d 2 



du 2 



V(u)4> = 



(11) 



where d>(u) 



(1 - u 2 ) Ai(u) and 
V{u) = 



1 



ml — u 



2\2 



2„.2 



Q l - q 2 u 



u 



(12) 



Analysing the behaviour of the potentials (TTTJT) and (Tl2|) one finds different regimes de- 
pending on the relation between q and Q [4lj|. These regimes are separated by the critical 
value q/Q 3 = 8/(3^) « 1-54. At low energies, q/Q 3 <tl 1, there is no relevant contribution 
to the structure functions since the imaginary part of R^ u is negligible. At high energies 
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q/Q 3 3> 1, a significant imaginary term arises in leading to the non vanishing structure 
functions 



3 iV 2 T 2 ( Q2 ) 

16r 2 (l/3) c \12ttT 2 x) 

2xF u 



2/3 



(13) 



where x is the Bjorken variable that in the plasma rest frame takes the form x = Q 2 /2wT . 
These structure functions imply dissipation of the 1Z current, unveiling the existence of a 
partonic structure associated with gluons in the J\f = 4 super Yang Mills plasma, as discussed 
in ref . 41] . Note that these results for the 1Z current are also valid in the Af = 2 super Yang 



Mills plasma of the D3-D7 brane model. 

III. DEEP INELASTIC SCATTERING OF A FLAVOUR CURRENT 
A. The D7 brane embedding 

We place Nf coincident D7 probe branes in the black hole AdS$ x S 5 space of eq. (JT]). 
In order to describe the D7 probe branes, we decompose the metric of the sphere S 5 as 



dnl = d9 2 + sm 2 9dtt\ + cos 2 ^'- 2 



(14) 

The usual choice is to fix (f = and 9 = 6{u). Then, each D7 brane is described by the 
metric 



ds 2 



L 2 u 



[l-u 2 )dt 2 + dx 2 + L 



1 



+ 9 du + L sin 9dQl . (15) 



-4« 2 (1 - u 2 ) 

Here, and from now on, prime denotes differentiation with respect to the variable u. The 
location of the D7 branes is contained in 9 = 9(u). This function is obtained by solving the 
equation of motion that comes from the brane action: 



Sd7 = — Nf ji 7 J d 8 x<\/ 1 — det g 

= - N f /i 7 vr 2 r^ / d A x /* ^ sin 3 oJl + Au 2 (l - u 
J Jo u v 



(16) 



where fi 7 = [(27T) 7 ' g\ M a' A ] 1 is the tension of each D7 brane. The D7 brane equation of 
motion reads 



3 cos 9 



l+4u 2 (l-u 2 )9' 2 



+ Au sin 9 



u(l-u 2 )9"+Au 2 (l-u 2 )(2-u 2 )9"+(l+u 



0. (17) 
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There are solutions of three different kinds. In the first one, the branes touch the black 
hole horizon. This solution is called black hole embedding. An observer living on the branes 
world volume will see an induced horizon. In the second kind of solutions the branes never 
reach the horizon. This solution is known as Minkowski embedding. In this case, an observer 
on the branes do not see any induced horizon. The third solution is a critical embedding 
that connects the black hole and Minkowski embeddings. 

Near the boundary all the solutions have the asymptotic expansion 

oiu) = -- ^u 1 ' 2 - -i-(^! + c y/2 + ... (18) 

y ! 2 v/2 2v/2 6 ; y ! 

where m = M/T with M proportional to the mass gap at zero temperature and c is the 
quark condensate. Below we briefly review the differences between these three embeddings 
in the region far from the boundary and the phase transition between the Minkowski and 



black hole embeddings, found in 451 ]. 



1. The black hole embedding 

The black hole embedding is characterized by the condition that the coordinate 9(u) goes 
to a constant value 9q different from zero at the horizon: 0(1) = 6q . 

It is convenient to use the variable xi u ) = cos6(u) which has the near horizon expansion 

= Xo + Xi(l - u) + x 2 (l - uf + . . . , (19) 
with < Xo < 1- Using this expansion in ffTTl) we obtain 

Xi = ~lxo -> , (l) = -|cot0 o - (20) 

We use the above conditions for 9 and 6' as initial conditions at u — 1 for the numerical 
integration of eq. (jTTI) . 



A typical solution is illustrated on Fig. [TJ As shown in 45], black hole embeddings exist 
only for temperatures higher than 0.764M. 

2. The Minkowski embedding 



On the other hand, in the case of Minkowski embedding the coordinate u has a maximum 
value Uq < 1 where the coordinate 6 vanishes: 9(u ) = 0. The region u = u is interpreted 
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0.0 0.2 



FIG. 1: Black hole D7 metric for Q = 0.75 . 



as the tip of the branes. The requirement of smoothness without conical deficit at the tip 
of the branes leads to 9'{uq) = — oo [44|. 

These conditions on 9 and 9' suggest the near horizon expansion 

2 
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u 
u 



p + p x [ 1 - — ) + p 2 ( 1 - — ) +... 



with < a < 1. Using this expansion in fTr7|) we obtain 



a 



1 
2 



Po 



(21) 



(22) 



/ 2 - ul ' 

In the numerical integration we evaluate this asymptotic expression and its derivative at 
some u very close (but not equal) to uq. A typical solution is shown in Fig. 



9{u) 




0.0 0.1 0.2 0.3 0.4 0.5 



FIG. 2: Minkowski D7 metric for uq = 0.5. 



As shown in 



45], Minkowski embeddings exist only for temperatures lower than 0.772M. 



3. The critical embedding 



The critical embedding appears as an intermediate solution between black hole embed- 
dings and Minkowski embeddings. In this case the coordinate u reaches the horizon when 
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the coordinate 9 goes to zero. This is shown in Fig. [3j 

m 

1.5 \, 



0.5 - 



0.0 0.2 0.4 0.6 0.8 1.0 



FIG. 3: Critical D7 metric corresponding to 8q = or uq = 1 . 



4- The phase transition 

The Minkowski and black hole embeddings can coexist for temperatures between 0.764M 
and 0.772M. However, the physical embedding is the one that minimizes the free energy 



at a given temperature. It was shown in 



451 ] that a first order transition occurs at a 



temperature T c = 0.766M . Below T c the Minkowski embedding has the lower free energy so 
it is thermodynamically preferred while the black hole embedding is dominant above T c . 

A consequence of this first order phase transition is a finite jump in the quark condensate 
at T = T c , where the D7 branes go from a Minkowski embedding to a black hole embedding. 
We will see below how the abrupt change in the D7 brane embedding has a non-trivial 
consequence on the partonic contribution to the structure functions of the M = 2 super 
Yang-Mills plasma when probed by a flavour current. 



B. Gauge field equations and Schrodinger potentials 

We consider a flavour current U(l) C U(Nf). The gravity dual of this current is a gauge 
field fluctuation living in the world volume of the D7 branes. From the Dirac Born Infeld 
action one finds the gauge field kinetic term 

S = - N ff i 7 vr V 2 J d 8 xV^G F MN F MN , (23) 

where F MN = d M A N — d N A M and A M = (A^, A u , A a ) . We choose A a = 0, d a A^ = 0, 
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A u = and the plane wave ansatz 



A^(x,u) = exp{—iwt + iqx 3 } A^(u) 



The equations of motion take the form 



d u A 3 



w 



v 1 ' 2 n rsin 3^ 



sin 3 ^ 



U 



pi/2 



pl/2 



sin 0(1 - v? 



-d u 



sin 3 6(1 - u 2 



pi/2 



~d u Ai 



q(l - u 2 ) 

r 



u(l — V?) 

r 



q A t + qwA 3 



u(l — u 



2\2 



- w 2 + (1 - u 2 )q 2 A, = , 



(24) 



(25) 
(26) 

(27) 



where r= 1 + 4m 2 (1 - u 2 )6' 2 . 

In order to gain intuition on the problem, we write the gauge field equations (125]) . ( 126]) 
and ( 1271) into a Schrodinger form, as in ref. 46J. We will find two relevant potentials whose 
form determine the behavior of the retarded current-current commutator and hence the 
partonic contribution to the DIS structure functions. 



1. Longitudinal component 

Using a(x, u) = d u A t , we find from eqs. ( 1251) and ( 1261) the second order differential 
equation 

1 1 r „i 

a = 0, 



9 2 u a + ±-d u H x d u a - -U# 3 + #2 g 2 - ^ 2 

-"1 -"0 L 



where 



2\2 



Ho 



u(l — u / 

f 

u(l - u 2 ) sin 3 # 



p3/2 



1-u 2 



il-u 2 )d u 



u — u 



(3 cot 6 6' 



v_ 

2T 



Introducing: a(x,u) = 7](u)ip(x,u) and imposing that 



v 



1H[ 
2H X 



(28) 



(29) 



(30) 
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we find a Schrodinger equation 



du 2 



- V{u)ip = 



(31) 



with potential 



3u 4 - 6m 2 - 1 r 
Au 2 (l-u 2 ) 2 u(l-u 2 ) 2 



2 -2 
W 



2^2 



3 „„„ r" r i-3m 2 

- - COt e e" ; — 

2 4r 4r«i-« 2 



3 r r' 

+ -COt 0' 



2r u(i-u 



1 -3u 2 i 3/ 5 2 n /2 5 /T\2 
+ 2^ + 2 COt 6 ) 6 + 



16 vr 



(32) 



A possible solution to eq.f )30p is r\ = C(—Hi)~ l l 2 , with C an arbitrary constant, chosen for 
convenience as C = 2\^2r 2 ./L 2 . Near the boundary and in the Bjorken limit Q 2 3> m 2 , the 
longitudinal potential can be approximated by 



V(u) 



Q 2 m 2 



- — + '^-Q 2 - fu - ^-q 2 u 2 



4m 2 



u 



(33) 



The terms containing m 2 represent small perturbations of the near boundary approximation 
of the potential (TlOT) . If we consider the interesting high energy regime q 3> Q 3 this potential 
reduces to 



Trf \ 1 -2 m -2 2 



(34) 



This expression will be useful for the calculation of the DIS structure functions in section IV. 



2. Transversal component 



In a similar way, for the transversal modes, eq. ( 12"7|) can be rewritten as 

1 



d 2 u A t + -LduHAA, - l-\H 2 q 2 - w 2 ]A = 0, 



where 



[1 - w 2 )sin 3 
fV2 



(35) 



(36) 



Defining Ai(x,u) = e(u)$>i(x,u) and imposing 



7 " ~2H~ 1 



(37) 
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we find a Schrddinger equation for u), similar to eq. (l3Tj) . with the potential 



K (B ) = i(Sy + i(5) 2 + ^[i/ 2 ,- 



-2 -2 



1 



r 



(l-u 2 ) 2 u(l-u 2 ) 2 



T" 



Q 2 - u 2 q 2 + - cot 6 6" - — + 



4r 



u V 

'l -u 2 )zr 



cot e & 



2T 



2u 



(l-u 2 ) 



5 /r\2 



+ -(-i + -cot 2 ^^ 2 + ^(^r. 



(38) 



2^ 2 ' 16 

The solution to eq. (137)1 is e = C*(i/i) _1 / 2 and we choose for convenience C = v2r . Again, 
near the boundary and for Q 2 3> m 2 , we find the approximate transversal potential 



V(u) 



Q 2 , m 2 

M ~2 



+ ^Q 2 ~~ 2 



2„.2 



-q u 



In the high energy regime q ^ Q 3 this potential can be approximated by 



t~> / \ —2 —2 2 

V (m) = —qu — — q u 
2 



(39) 



(40) 



C. The retarded flavour current commutator 



S B = tor*a»N ff i 7 r 2 [^ / d*x[-(A t +™Aa)a + (l-u 2 )Aid u Ai 



(41) 



The on-shell action for the gauge field has the following boundary term 

sin 3 # 

/ dTx\ -{A t + 

9 Ju=Q 

where i — 1, 2. The hypersurface k = defines the boundary which excludes the horizon or 
the tip of the D7 branes. 

We will use this boundary action to calculate the quark contribution to the plasma 
structure functions. The near boundary expansions for the fields a and A{ that satisfy the 
equations of motion are given by 



a(x, u) 



Q 



jdo + lnw + a\u + b\u\wu + 0(u 2 ) + 0(u 2 \nu)} 



Ai(x,u) = 4 W {l + Q 2 [c x u + diulnu] + 0(u 2 ) + 0(u 2 \nu)} 



(42) 



where A^'(x) = A^(x,u)\ u=0 . The coefficients do, «i, £>i, c±, , di can be obtained from the 
differential equations (128]) and f )35|) . With these expansions the boundary on shell action 
can be written as 



S 



B 



NfNc 'd*x{ -g 2 [4 0) + -4 0) ] 2 (ln M + 



16tt 2 



a 



+ Q 2 Af ] Af ] (d 1 \nu + c 1 + d 1 )} u=q , 



(43) 
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The divergent logarithmic terms can be canceled by the following (boundary) counterterms 



16tt 2 



Q 

-g 2 4 0) 4 0) rfi 



(Oh 2 
3 J 



In u + 27 + 2 In ( 



M , 
2ttT' 



lnu + 27 + 2 In 1 



27rT y 



)n=0 



(44) 



where we have included in the counterterms the temperature T and the infrared scale M 
is the D7 brane mass scale at zero temperature defined in the previous section. We also 



included the Euler-Mascheroni constant 7 as is done in 
the total finite action 



4=11 ] . Summing both terms we obtain 



S- 



Total 



NfNc 

167T 2 



n ■ q 

x A (0)/ M (0)l/ 



Q 2 
1 ■ i 

Q 2 ' q 2 



ci + dx - 27 di - 2 In ( 



M 
2^T 



' r ~ c 1 + d 1 -a + 2ln(—)(l-d 1 )+2 1 (l-d 1 ) 

LixL 



(45) 



So, differentiating this action with respect to the boundary values of the gauge fields, as in 
eq. (|HJ), we obtain 

M 



Ri(q,Q 2 ) 
R2(q,Q 2 ) 



N f N c g 4 

8vr 2 q 2 



Ci + di 



I-27 - 2 In 



2nT' 



c 1 + d 1 — a + (1 — d 1 



M 

21n(— ) + 2 7 



(46) 
(47) 



We end this section writing the near boundary expansion for the longitudinal and 
transversal wave functions 



if)(x, u) 



q 



A? ] + -4 0) 



1/2 r 1 / m" . m". . 
u 1 |a + mu + \a\ —a§)u + [b\ —)umu 



+ 0(u 2 ) + 0(u 2 lnu)} 



(48) 



$i(x,u) = Af ] { 1 + {Q 2 Cl - ^)m + Q 2 d lU \nu + 0{u 2 ) + 0{u 2 lnu) j> (49) 



m 



that are obtained from eqs. (1421) . These expansions will be useful in the analysis of the next 
section. 



IV. STRUCTURE FUNCTIONS 



In the case of an 1Z current there is a transition between hadronic and partonic behavior, 
when going from low to high energies, as discussed in section II. The partonic behaviour 
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is characterized by non vanishing structure functions. This transition corresponds also 
to a change in the shape of the longitudinal and transversal potentials. At low energies, 
both potentials present barriers that prevent wave propagation from the boundary to the 
horizon. When increasing the energy the longitudinal potential barrier disappears while the 
transversal potential gets squeezed towards the boundary so that the wave propagates into 
the black hole and is absorbed by the horizon. 

For the flavour current, the scenario is substantially different because the D7 brane ge- 
ometry changes drastically with temperature. For temperatures lower than 0.766M the D7 
branes, where the gauge field lives, do not touch the horizon (Minkowski embedding) while 
for temperatures higher than 0.766M they have an induced horizon (black hole embedding). 
We now analyse the effective potentials in these two cases. 



A. Low temperatures: Minkowski embedding 



At temperatures lower than T c = 0.766M, the thermodynamically preferred D7 brane 
solution is the Minkowski embedding. In this embedding, the radial coordinate u never 
touches the black hole horizon. This coordinate has a maximum value u$ where the tip of 
the D7 branes is localized. This geometric constraint has to be present when studying the 
dynamics of gauge field fluctuations. In fact, the ending condition of the radial coordinate 
emerges in the potential. This is illustrated in figures S] - [7] where we plot longitudinal 
and transversal flavour current potentials for different energy regimes compared with the 
corresponding 1Z current potentials. One can see that near the boundary the flavour current 
potentials behave in a similar way as the 1Z current potentials. However, near the tip of the 
branes the flavour current potentials present an infinite barrier forbidding the wave to reach 
the black hole horizon. In contrast, the 1Z current potentials go smoothly to the horizon. 

In the Minkowski embedding, the branes do not touch the horizon. Therefore, one can not 
impose ingoing boundary conditions for the wave functions. This can be seen by considering 
the asymptotic expansion of the longitudinal and transversal fields 

2 



alx, u) 



Ai(x,u) 



u 

-) 







ao + fli 1 



u 
w 



a 2 



A + An 1 - 



U 



+ A 



i,2 



1 - 



"0 



+ 



(50) 
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V(u) 




0.2 0.3 0.4 0.5 ~ ~ 0.6 



FIG. 4: Low temperature and low energy (q = 0.3Q 3 ) longitudinal potential of a flavour current 
(solid line) with uq = 0.5, compared to that of an 1Z current (dashed line). 



V(u) 

400 - 
2(10 - 





FIG. 5: Low temperature and high energy (q = l.QQ 3 ) longitudinal potential of a flavour current 
(solid line) with uo = 0.5, compared to that of an 1Z current (dashed line). The left (right) panel 
corresponds to small (large) u. 



Using these expansions in eqs. (128]) and ([35]) we obtain the conditions 



a(a + 2) 







/3(/3 + 1) = 0. 



(51) 



with real solutions a = (0,-2) and (3 = (0,-1). Then, the longitudinal and transversal 
gauge fields behave as real functions near the tip of the D7 branes, as well as on the bound- 
ary. So, these solutions are not compatible with an ingoing condition. Instead, we impose 
regularity of these solutions at the tip of the branes, that corresponds to a = and (3 = 0. 

This way, the infinite barrier inhibits the gravitational wave to reach the horizon. The 
wave is not absorbed but reflected at the tip of the branes, leading to stationary real solutions. 
As a consequence, the coefficients arising in the near boundary expansion of the longitudinal 
and transversal wave functions , eqs. ( HHl) and ( H9l) . are also real, as well as R\ and R2, given 
by eqs. ( 1461) and (H7I) . This translates into the vanishing of the quark contribution to the 
structure functions Fi and F 2 . Since the infinite barriers in the effective potentials exist 
at any energy scale, we conclude that the strongly coupled plasma does not show partonic 
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V(u) V(u) 




FIG. 6: Low temperature and low energy (q = 0.3Q 3 ) transversal potential of a flavour current 
(solid line) with uq = 0.5, compared to that of an 1Z current (dashed line). The left (right) panel 
corresponds to small (large) u. 
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FIG. 7: Low temperature and high energy (q = 1.6Q 3 ) transversal potential of a flavour current 
(solid line) with no = 0.5, compared to that of an 1Z current (dashed line). The left (right) panel 
corresponds to small (large) u. 

behaviour when interacting with a flavour current at temperatures below T c . This result 
contrasts with the case of an 1Z current at high energy, that indicates a partonic behaviour 
(associated with gluons) at any temperature. 



B. High temperatures: black hole embedding 

At temperatures above T c = 0.766M, the thermodynamically dominant solution is the 
black hole D7 embedding where the D7 branes touch the horizon. In this case, the gauge field 
waves can be absorbed by the black hole horizon, depending on the shape of the effective 
potentials. These potentials vary with the momentum scales q and Q and also with the D7 
brane parameter m (mass scale). 

The form of the potentials is determined essentially by the ratio q/Q 3 - In the low energy 
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case q <^ Q 3 the potentials present large barriers that inhibit propagation towards the 
horizon. This is illustrated in figure [U including a comparison with the 7Z current poten- 
tials. Thus there is no relevant absorption of the flavour current, implying that the plasma 
structure functions vanish at low energies. 

For high energies q ^> Q 3 the longitudinal potential barrier disappears and the transver- 
sal potential barrier gets squeezed near the boundary, as illustrated in figure [9j including 
a comparison with the 1Z current case. This allows the wave absorption by the black hole 
horizon that can be interpreted as the absorption of the flavour current by the quark con- 
stituents of the plasma. We will now calculate the quark contribution to the plasma structure 
functions in this high energy regime. 



V(u) V(u) 




FIG. 8: High temperature and low energy (q = 0.3Q 3 ) longitudinal (left panel) and transversal 
(right panel) potentials of a flavour current (solid line) with 9q = 0.75, compared to that of an 1Z 
current (dashed line). 




FIG. 9: High temperature and high energy (q = 1.6Q 3 ) longitudinal (left panel) and transversal 
(right panel) potentials of a flavour current (solid line) with 9q = 0.75, compared to that of an 1Z 
current (dashed line). 

In the black hole embedding, an analysis of the eqs. (1281) and fl35|) near the horizon u — 1 
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leads to 



a(x,u) = (l-w) ± ^ 
Ai(x,u) = (1 -u) ± a« 



a + ai(l — it) + a 2 (l — u) +.. 
X + 4i(l - u) + A 2 (1 - u) 2 + . 



(52) 



So it is possible to impose an ingoing wave condition at the horizon, corresponding to 
choosing the exponent —iw/2. 



1. Longitudinal contribution 



Using the high energy approximation for the longitudinal potential near the boundary 
given in eq. (IMj) we have 



3ty + 



1 



+ q 2 u ) ip 



m 



-2 2 / 

q u ip . 



(53) 



In the black hole phase the parameter m satisfies the condition m < 1.31 . Then, near 
the boundary m 2 u is very small and the term on the rhs of eq. ( 153]) can be neglected. Then 
we obtain the solution 



ip(x, u) 











1 





CiJo(lqu 3/2 ) + C 2 Y (^ 2 ) 



(54) 



where J (z) and Y (z) are Bessel functions, and Ci, C 2 are complex constants. Analysing 
the behaviour of this solution for large arguments of the Bessel functions we see that a 
progressive wave going from the boundary to the horizon can be obtained for C\ = —iC%. 
So, we impose this condition and assume that the solution will remain an ingoing wave at 
the horizon. 

In the limit u — > 0, relevant for the calculation of the retarded Green's function, we can 
expand the Bessel functions finding 

2 



ip(x, u) 



q 



4 0) + -4 0) 

q 



u l ' 2 C 2 { 



i + 



7T 



ln(p /2 )+7 



+ 0{q 2 u 3 ) + G(gV)ln(^n 3 / 2 )}. 



(55) 



In the limit u — > 0, the perturbative corrections arising from the mass term of eq. (153]) will 
be of order w 4 , and so can be neglected with respect to the terms in eq. ( 155]) . Therefore, 
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the mass term does not contribute to the Green's function and hence to the DIS structure 
functions at high energies. Comparing the expansion (1551) with (j48|) we find that 

; a„ = -if + f(ln§ + 7 ). (56) 

The imaginary part of this expression will contribute to the DIS structure function. 



2. Transversal contribution 



In the transversal case at high energies, using (|40l) we have 



m 



(57) 



As in the longitudinal case, we can neglect the mass term finding 

= 4V /2 [^i/3(j^ 3/2 ) + V 2 Y 1/Z {\qu^) 



(58) 



The ingoing condition leads to T>\ 
functions as 



$ l (x, M )=4 0) V 2 



-iD 2 - In the limit u — > we expand the Bessel 



+ 



-V3i + 1 



i 



| ) " u + 0(gV^ 



(59) 



7T V3, 

The perturbative correction to the function <3>j coming from the mass term is real and of 
order m?u. So it can be neglected in the high energy limit. Now, comparing the expansion 
(E9D with (BSD we find 



7T ( q 



T(l/3) V3 



1/3 



Cl 



73 



7t ( q 



2/3 



r 2 (i/3) \ 3g 3 



+ i 



3tt 



9 



2/3 



r 2 (i/3) \ 3g 3 



, di = . (60) 



3. DIS structure functions 

Using the results for the longitudinal and transversal potentials and the dictionary 
PBlhpTI) we obtain 



Ri 



71 



NfN c T~ ( P\ 



2/3 



3/ 



+ i 



Ro 



Q 2 

—R x . 



q 



(61) 



2 r 2 (i/3) 

Note that the imaginary part of ao was neglected with respect to the imaginary part of 
C\. Then, the quark contributions to the plasma structure functions in the high energy limit 
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arc 



n • g 



F 2 = -Imi^ « 2xFi, (62) 

where x is the Bjorken variable that in the plasma rest frame takes the form x = Q 2 /2wT . 

These structure functions have the same dependence in the kinematic variables as the TZ 
current case discussed in section II. However the N c Nf factor contrasts with the N% factor 
of the TZ current. Explicitly, the plasma structure functions at high temperatures arising 
from the flavour current and TZ current are related by 

Fi, 2 [flavour] _ Nf_ 
F lj2 [TZ] ~ 

This result can be interpreted in the following way. The TZ current interacts with fields 
in the adjoint representation of the SU(N C ) gauge group, that carry a number of degrees of 
freedom proportional to N%. These fields describe gluons and their superpartners that are 
probed by the DIS of an TZ current. When we add the D7 probe branes, we include fields 
in the fundamental representation, that carry a number of degrees of freedom proportional 
to N c Nf. These fields describe the quarks and their superpartners and are probed by the 



DIS of a flavour current. Note that the ratio Nf/N c was already found in 47] comparing 
the electric conductivities associated with a flavour current and an TZ current. 

Note that our results for the structure functions at high energies hold for any value of 
the mass parameter m lower than 1.31, which corresponds to temperatures higher than T c = 
0.766M. When the temperature decreases to T = T c , the D7 brane embedding experiments a 
first order transition that takes it from a black hole to a Minkowski phase. As a consequence, 
the imaginary part of the gauge fields arising from the ingoing wave condition disappears 
leading to the vanishing of the quark contribution to the plasma structure functions, as we 
discussed in part A of this section. 



V. CONCLUSIONS 

We studied the DIS off a M = 2 super Yang Mills plasma with flavour degrees of freedom 
using the holographic D3-D7 brane model at finite temperature. At high temperatures 
we found that the flavour current probes the partonic structure associated with the quark 
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degrees of freedom in the same way as the 1Z current probes the partonic structure associated 
with the gluonic degrees of freedom. At low temperatures the flavour current is not absorbed 
by the quark constituents of the plasma. As discussed above, this is a consequence of 
the abrupt change on the gauge fields behaviour far from the boundary due to the phase 
transition suffered by the D7 brane embedding. 

Our results contrast with the gluonic sector, probed by an 1Z current, that shows a 
partonic structure, associated with gluons, at any temperature. This might be related to 
the fact that in this model there is an effective infrared mass scale for the quark sector, but 
not for the gluon sector. 

As we explained in this article, the non partonic absorption of the flavour current at low 
temperatures is a consequence of the absence of an imaginary part in the retarded Green's 
function. It is important to remark that a real Green's function may have poles and then 
give rise to imaginary contributions in the form of delta peaks. This kind of contribution 



was analysed in ref. [46[ for a time-like flavour current in the low temperature Minkowski 
embedding. In that reference the delta peaks of the spectral function where interpreted in 
terms of the meson spectra. Here we have worked with a space-like flavour current and 
we did not consider this kind of contribution, since we were only interested in the partonic 
structure of the plasma. 

After the first version of this article, ref. proposed a different mechanism for the 
absorption of a flavour current at low temperatures, based on vector meson production. 
This process contributes to the N = 2 super Yang Mills plasma structure functions of the 
D3-D7 brane model. 

We worked in the probe approximation of the D3-D7 brane model in which the backreac- 
tion of the D7 branes is not taken into account. A review of the D3-D7 brane model beyond 



the probe limit was done in 15) . A recent proposal to include backreaction in the D3-D7 



quark-gluon plasma appeared in 49] . It might be interesting to investigate the effect of these 



backreaction corrections on the plasma structure functions and on its partonic behaviour. 
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